Transportation of cattle from the feedlot to the slaughter plant could influence hide contamination of Escherichia co/i 0157. A study was initiated to investigate the influence of transportation and lairage on shedding and hide contamination of E. Lvii 0157. Fecal and hide samples were obtained from 40 pens of harvest-ready beef cattle at the feedlot prior to transport and again at the slaughter plant immediately after slaughter. Potential risk factors for hide contamination at the feedlot, during transport, and at slaughter were evaluated. A multilevel Poisson regression model was used to evaluate if transportation and lairage were associated with hide contamination by E. co/i 0157 in finished beef cattle. Lots of cattle held in E. co/i 0157-positive lairage pens had eight times greater risk of having positive slaughter hide samples compared with cattle held in culture-negative pens (relative risk, 8.0; 95% confidence interval, 1.6 to 38.8). Lots of cattle that were held in lairage pens contaminated with feces had three times greater risk for positive slaughter hide samples compared with cattle held in clean pens (relative risk, 3.1; 95% confidence interval. 1.2 to 7.9). Lots of cattle that were transported for long distances (>160.9 km) had twice the risk of having positive hide samples at slaughter compared with cattle transported a shorter distance (relative risk, 2.4; 95% confidence interval. 1.1 to 5.1). These findings suggest that transportation and lairage should be considered in E. co/i 0157 control strategies.
The potential for disease outbreaks has led to increased research and development of mitigation strategies within slaughter plants to reduce contamination of carcasses during the slaughter process. Many novel ideas have been presented as potential strategies that could be used by the beef feedlot sector to further minimize the prevalence of E. co/i 0157 in cattle, particularly immediately prior to the time of harvest. These include competitive inhibition by Lactobacillus spp. (24) , vaccination of cattle against E. coli 0157 (16) , feeding of kelp products (6) , use of sodium chlorate as a feed additive (7), or neomycin treatment for preslaughter cattle (10) . The fundamental assumption for these proposed strategies is that reduction in fecal shedding will reduce subsequent contamination of carcasses at the slaughter plant. However, this assumption does not necessarily account for the amount of residual contamination in the environment and on cattle hides, both of which could ultimately serve as sources for recontamination prior to slaughter (9, 13) . To be successful, these interventions must not only result in reduced shedding by cattle, but also in reduced contamination of beef carcasses.
Preharvest food safety research in the pork industry has phasis on the effects of transportation from the farm to the slaughter plant and to the time animals spend in lairage on Salmonella carcass contamination prevalence. Lairage is the period of time that animals are housed at the slaughter plant before they are harvested. Time in lairage and contamination of the lairage pen with Salmonella enterica has been linked with increased prevalence of S. enterica in pork (11, 12, 14, 19, 21) . There (2) . Another United Kingdom study of lairage environments found that 27.2% of samples from selected sites along the unloading-to-slaughter routes were culture positive for E. co/i 0157. In that study, the sites that were most frequently contaminated were the holding pen floors, entrance gate to the stun box, and the stun box floor (20) . These two studies identified the potential of contamination at slaughter. However, cattle were not sampled at the farm of origin to determine if contamination was present prior to transportation and lairage. The objective of this study was to evaluate the effects of transportation and lairage on E. co/i 0157 contamination of cattle hides at the time of slaughter. More specifically, this study examined effects of time and distance for transportation and lairage, cleanliness of transportation and lairage environments, recovery of E. co/i 0157 from these environments, and effects of behavior characteristics of the cattle on the likelihood of recovery at slaughter.
MATERIALS AND METHODS

Study design.
A cross-sectional design was used for this study of E. (0/! 0157 hide contamination of market-ready beef cattle. Lots of cattle were followed from feedlot environments, through transportation and lairage, and into the slaughter plant. Enrollment and biological sampling occurred between June and September, which has previously been identified as a seasonal high-prevalence period for E. co/i 0157 in beef cattle (9, 22) . Study population. Two slaughter plants agreed to participate in the study and pens of cattle were selected for enrollment based on dates and times of availability provided by the slaughter plants. Ultimately, 40 lots of cattle from 18 feedlots were enrolled. Cattle were housed in open-air, dirt-floored pens typical of commercial facilities located in Colorado and Nebraska. Twenty animals at the feedlot and at the slaughter plant were selected for sampling.
Data collection. Standardized questionnaires were administered to the feedlot managers in order to capture information about groups of cattle enrolled in the study (the questionnaire is available from M. D. Salman on request). Data collected included the estimated mean age, mean weight, days on feed, head count, and gender. Data also were collected regarding the temperature, humidity, feedlot pen condition (dry, damp, wet, or standing water) and feedlot water trough condition (clean or contaminated) at the time of biological sampling, and pen dimensions. Trailers used to transport cattle (clean, dry manure, wet manure, or slurry) and lairage pens (clean or contaminated) and water troughs (clean or contaminated) were scored for cleanliness prior to loading with cattle. Durations for the time cattle were held in handling facilities prior to loading, time required for loading onto trucks, transportation time from feedlots to slaughter plants, and duration of holding in lairage pens prior to slaughter were recorded, as were distances transported from feedlot to slaughter plant. Additionally, a number of handling and behavior indicators were recorded as a proxy to the overall stress that may occur during transportation and lairage. Indicators measured included objective measurement of electrical prod usage, falling and slipping, colliding with fences or other objects, vocalization, and defecation, and subjective assessment of handling (gentle, moderate, or rough), cattle behavior (calm, agitated, or excited) were recorded during loading, unloading, and moving to knock box. Additionally, flight zone distance (none, moderate, or large) of cattle was subjectively assessed during lairage. Flight zone refers the area around an animal or group of animals that will cause alarm and/or escape behavior if upon encroached. The size of the flight zone is determined by the disposition of the animals. Flight zone was determined by subjectively assessing the cattle's response to the observer approaching the lairage pen. If cattle did not react to the observer, then the score was none. If the cattle moved away from the observer, then the score was moderate. If the cattle moved as far away as the back fence of the pen would allow, then the score was large.
Sampling protocol. Twenty hide swab samples from each pen of cattle were collected from systematically random-selected individuals while the animals were being loaded for transport to the slaughter plant. At slaughter, another 20 individuals from each of the 40 lots were systematically selected for hide swab sampling at the slaughter plant prior to hide removal for sampling. Sponges moistened with buffered peptone water were used to swab a 100-cm 2 area along the dorsal surface of selected individuals and representative surfaces (floor and walls or rails) of the loading chute, transportation trailers, plus the lairage pens and water troughs. Approximately 10 g of feces was collected from 20 fresh fecal pats off the feedlot pen floor after cattle had been removed from the pen. The collector walked a Z-shaped pattern, starting at the front of the pen, walking parallel to the feed bunk, and then angling across the pen and along the back fence. Each fecal sample was collected with a sterile wooden applicator and placed in a sterile plastic bag. At the slaughter plant, approximately 10 g of feces was collected from 20 colons after evisceration. Samples then were transported in Styrofoam coolers with icepacks to the laboratory for culture.
Culture protocol. Samples were processed on the day of collection, following a previously published protocol (5) . Briefly, either 10 g of feces or the hide sponges were suspended in 90 ml of tryptic soy broth and incubated for 2 It at 25°C, then for 6 h at 42°C, and left overnight at 4°C. Overnight enrichment was followed by immunomagnetic separation, which consisted of I ml of each sample being mixed with I ml of phosphate-buffered saline-0.05% Tween 20 and 20 p.1 of magnetic beads coated with anti--E. co/i 0157 antibodies (Dynal Biotech ASA, Oslo, Norway). Samples then were processed per manufacturer's instructions in an automated immunomagnetic separator (Dynal BeadRetriever, Thermo Electron Corporation, Helsinki, Finland). After processing, the beads were suspended in 100 p.1 of phosphate-buffered saline-0.05% Tween 20, and 50 p.1 of the bead suspension was plated onto sorbitol MacConkey plates containing cefixime (0.05 mg/liter) and potassium tellurite (2.5 mg/liter).
Identification of E. coli 0157 was completed after an 18-h incubation at 37°C. Briefly, up to five sorbitol-negative colonies exhibiting colony morphology typical of E. co/i 0157 were selected for further analysis. Each selected suspect colony was suspended in 200 p.1 of sterile saline and tested for 0157 antigens with latex agglutination (E. co/i PRO 0157 Latex Kit by Hardy Diagnostics, Santa Maria, Calif.). Colonies identified as positive were confirmed as E. co/i 0157, using ifb0157 PCR (9, 15 
and feedlot. Multilevel Poisson regression was used to evaluate the relationship between transportation, lairage, and cattle behavior on hide culture results for E. coli 0157 at slaughter. The outcome variable was frequency of positive hide cultures, with an offset of the number of samples taken per pen at slaughter. Independent variables included pen-level exposure data previously described as well as the proportion of positive cultures obtained from feedlot, trailer, and lairage pen. A univariable multilevel Poisson regression model was constructed as the first screening process to evaluate which variables should be further considered in multivariable modeling. Fixed effects factors eligible for inclusion in the model were gender, days on feed, temperature, humidity, pen condition, water trough condition, holding, loading, transport and lairage times, distance transported, lairage pen condition, behavioral and handling scoring during loading, unloading and slaughter, and flight zone in pen. Continuous variables that failed to meet the assumption of linearity in the log odds were converted to categorical variables based on quartiles. Univariable relative risks were calculated to determine the magnitude of association and its significance level, using P 0.1 as the cutoff for factors to be included in the multivariable model. Forward selection was used to construct a multivariable model. Interaction terms were added to evaluate any effect modification between variables. Poisson regression modeling yields adjusted relative risk estimates and 95% confidence intervals that relate to average risk of average individuals being positive from a given lot.
RESULTS
The number of lots enrolled varied from I to 6 lots per feedlot. Cattle from 18 of the lots were harvested at one slaughter plant and 22 lots at the other. Numbers of cattle in lot groups ranged from 43 to 443 head, with a mean of 168 head per lot. Cattle were fed a concentrated corn-based ration while at the feedlots, and days on feed ranged between 110 and 187 days, with a mean of 176 days. At the time of sampling, the cattle weighed between 500 and 644 kg, with a mean of 579 kg. Seven of the 40 feedlot pens had standing water, and 33 were dry or damp. Cattle were transported between 8 and 333 km from the feedlots to the slaughter plants, with a mean transportation distance of 125 km. Lairage times at the slaughter plant ranged from 0.2 to 11.8 h, with mean lairage time of 3.1 h. Half of the lairage pens were scored to be contaminated with feces prior to cattle being housed in them.
Overall, 6.3% (50 of 784) of hide samples collected in the slaughter plant were culture positive for E. coli 0157 (Table 1) . Twenty (50%) of the 40 lot groups had at least one positive sample. Within groups that had at least one positive sample, within-lot prevalence for E. coli 0157 recovery ranged between 5 and 35% for hide swabs collected in the slaughter plant.
Univariable analysis was used to identify potential explanatory variables. Factors meeting inclusion criteria included proportion of E. coli 0157-positive samples in lairage pen, lairage pen water trough, and slaughter fecal samples, feedlot and lairage pen condition, distance transported, time held prior to loading and time in transit, humidity, and temperature (Table 2) . Behavior variables associated with the outcome included flight zone, slipping during unload- ing, slipping on way to slaughter, vocalization during unloading, agitation at knock box, behavior during loading, and identification of disease during loading.
Proportion of E. coli 0157-positive samples in the lairage pen, fecal contamination of lairage pen (yes or no), and distance traveled (short or long haul) were included in the final multivariable model (Table 3 ). In the multivariable model, lots of cattle held in E. coli 0157-positive lairage pens had eight times the risk of having positive slaughter hide samples for each proportional increase in prevalence compared with cattle held in culture-negative pens. Additionally, lots of cattle that were held in lairage pens contaminated with feces prior to their entry had three times the risk for positive slaughter hide samples when compared with cattle held in clean pens. Lots of cattle transported for long distances (>160.9 km) had two times the risk of having positive hide samples at slaughter compared with cattle transported a shorter distance. An interaction term between cleanliness of the lairage pen and having culture-positive E. coli 0157 samples was not statistically significant. The random effects in the final multivariable model were at the feedlot (coefficient of 0.061, standard error of 0.146) and the slaughter plant (coefficient of 0.126, standard error of 0.188).
DISCUSSION
Results of the present study indicate that increased distances transported and pathogen-or fecal-contaminated lairage pens were associated with hide contamination by E. coli 0157 at slaughter. Other studies have been designed to evaluate the effect of transportation on contamination by E. coli 0157 (1, 4, 18) . However, these studies either have not found a difference in prevalence after transportation and lairage (4), or have not identified potential risk factors or mechanisms for increased prevalence (1, 18) . The lot-level design of this study allowed multiple scenarios to be evaluated and the identification of risk factors for potential intervention points.
Although the Reicks study (18) found a significant increase in E. coli 0157 levels after transportation, the authors did not think that it was a biologically meaningful difference. The Braham (4), Reicks (18) , and Arthur (1) studies only utilized one feedlot and one slaughter plant so there was not any variability in the transportation scenarios for their study to evaluate different circumstances However, all studies sampled livestock transportation trailers as (4) . Although we did not directly measure stress, the use of objective and subjective scoring of behavior is a practical proxy for stress. Many of the behavior variables met the criteria for inclusion, but none was significant in the multivarjable model. Since E. coli 0157 is not a pathogen of cattle, it may be less likely to be affected by stress as reflected in this study.
The advantage of using a multilevel model in this study helps to explain some of the random effects in the hierarchical levels. This study enrolled 40 different lots from 18 different feedlots and slaughtered at two different slaughter facilities. Random effect terms in the model helped to account for some of the unexplained variability related to the slaughter plants or feedlots but not to the individual lots of cattle in our case. Random effects in the model inherently widen the confidence interval by inflating the standard error of the fixed effects terms (8) el data (not animal-level data) was used, it is not possible to make any conclusions about the effect of transportation and lairage on individual animals. However, since beef cattle are managed and marketed in groups, lot-level analysis was an appropriate study design. This study demonstrates that the environment is an important avenue for contamination of cattle hides. Prevalence of E. coli 0157 in feces or on cattle hides measured at the feedlot of origin was not a significant risk factor, even in the univariable screening. Previous research has suggested that lots with fecal prevalence greater than 20% at the feedlot will have increased hide and carcass contamination at slaughter when compared with lots of cattle with fecal prevalence less than 20% (23) . In our study, the within-lot prevalence rarely exceeded 20% (5 of 40 lots). At this lower within-lot prevalence, environmental contamination may play a more significant role in the prevalence of E. coli 0157 on hides of cattle at slaughter. Although cleanliness and pathogen prevalence in transportation trailers were not significant risk factors, distance transported from the feedlot to the slaughter plant was. This may indicate that the longer cattle are held in close confinement together, the greater likelihood there is for cross-contamination between cattle. The most significant finding in this study is the potential role that lairage of cattle prior to slaughter has on contamination of hides. Since an increase in hide prevalence was associated with dirtier or previously E. coli 0157 contam- mated pens, mitigation efforts designed to maintain clean lairage pens may result in reduced hide contamination of E. co/i 0157. Unfortunately, this study was not able to sample carcasses during the slaughter process to determine the ultimate effects on carcass contamination. However, it is believed that hide contamination at slaughter is one of the primary risk factors for carcass contamination (9) . This study demonstrates that while risk mitigation is very important within the slaughter plant, there are significant opportunities to manage risk of E. co/i 0157 at the lairage pen also.
